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Fate of Polycyclic Aromatic Hydrocarbons in Controlled Ecosystem Enclosures /¢ 4/

Richard F. Lee* and Wayne 5. Gardner

Skidaway Instilute of Oceanography, P.O. Box 13687, Savannah, Ga. 31406

J. W. Anderson and J. W. Blaylock .

Battelte-Northwest, Marine Research Laboratory, Sequim, Wash. 88382

J. Barwell-Clarke . -
CEPEX Laboratory, P.O. Box 2085, Sidney, B.C. V8L 353, Canada

& Prudhoe crude oil enriched with a numbear of golycyclic
arumalic hydrocarbons was added as a dispersion to a con-
trolled ecosystem enclosure suspended in Saanich Inlet,
Canada. Concentrations of variouis aromatics were determined
in water, zooplankton, oysters, and bottom sediinents. Initial
water concentrations of the lower weight aromatics, naph-
thalenes and anthracene, were 10-20 ug/L, whereas the initial
concentrations of henzo(a)pyrene, benz{a}anthrpcene, and
fluoranthene ranged from 1 to 6 pg/L. These concentrations
decreased at an exponential rate due Lo evaporation, photo-
chemicat oxidation, microbial degradation, and sedimentation.
Only naphthalenes were significantly degraded by microbes
with removal by this process of up to 5% per day from the
water. Sedimentation and photochemical oxidation were re-
spunsible for the decrease in concentrations of the higher
weight aromatics.

This paper summarizes an experimental study of the fate
of 0 number of polyeyelic aromatic hydrocarbons of increasing
molecular weight in a controlled ecosystem enclosure. The
hydrocarbons included naphthalene, methylnaphthalenes,
dimethylnaphthalenes, anthracene, fluoranthene, henz(a)-
anthracene, and benzo{alpyrene. Prudhoe crude oil was en-
riched with these aromatics and added as a dispersion toa
quarter-scale enclosure (ea. 2 1n diameter and 15 m deep—
60,000 1.). After oil addition, water, sediment, zouplanktan,
and uysters in the enclosures we *: snalyzed for the various
hydrocarbons, A second experiment involved adding radio-
laheled benzo(a)pyrene to an enclosure to allow quantification
of hydrocarbon products.

The changes in the concentration of the different hydro-
carbuns in water are a reflection of the action of evaporation,
hiological degradation, photochemical oxidation, and ad-
sorption to living or dead particles with subsequent sedi-
mentation. Using the results of our experiments we have at-
tempted to evaluate the importance of these processes as it
affects different types of aromatie.hydrocarbons.

Experimental

Polysthylene enclosures (ca. 2 m diameter and 15 m deep)
were filled with 60 000 L of water from Saanich Inlet which
is located in western Canada, Naphthalene (1 g), 1-methyl-
naphthalene (1 g), 2,3-dimethylnaphthalene (1 g), anthracene
{1 g), fluoranthene (0.5 g), benz{a)anthracene (0.5 gl, and
henzo(adpyrene (0.2 g), all from Aldrich Chemical Co., were
dissolved in 100 g of Prudhoe crude oil {kindly donated by W.
Cretnéy from Environment Canada, British Columbia).
Prudhoe crude oil appears similar to other crudes, e.g., Kuwait
and South Lonisiang; therefore, the amounts of naphthalene,
1-methylnaphthalene, 2,3-dimethylnaphthalene, fluoran-
thene, benz(a)anthracene and henzo{a)pyrene contributed
by the 100 g uf crude oil would he 80, 300, 10,0.2, and 0.1 mg,
respectively {1-3). A dispersion of this ofl with its spiked
compuunds was formed by mixing the oil with 1 L of acetone,
0.5 L of ethanol, and 40 L. of seawater. This dispersion was
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stirred for 24 h and then pumped through a diffusion ring
throughout the top 10 m of the water column. One liter of
acetone and 0.5 L of ethanol were pumped into & control en-
closure. In a third enclosure 10 mCi of {G,%H) benzola)pyrene
{20 mCi/mM-Amersham) and 72 mg of benzo{a)pyrene (Al-
drich Chemical Co.) were dissolved in 6 L of acetone, then
mixed with 20 L of seawaler, and the dispersion pumped

.through the diffusion ring into the top 10 m of the enclo-

sure,

Water samples were collected by a pump from three depths
with a peristaltic pump through a flexible tube, Some water
samples were nlso collected with a Niskin water sampler.
Hydroearbon concentrations were the same with both col-
lecting methods, suggesting that the tubing was not adsorbing
significant amaounts of the hydrocarbons. Samples of hottom
sediment were cullected by pumping through flexible plastic
pipes permanently connected to the buttom of the enclosure.
Zooplankton samples were collected with a 50-cm-diameter,
200-um mesh net. .

For bioaccumulation studices a cage with oysters (Crassos-
trea virginica) was suspended at 7 m in the oil-treated en-
clusure. At various time intervals, oysters were removed for
analysis or depuration work. For depuration studies oysters
were removed from the polluted enclosures and placed ina
second cage suspended in outside “clean” water.

Fur microbial degradation studies, water was collected from
2 and 7 n in the il treated and eontrol enclosures. Radiola-
beled hydrucarbons (4C} dissolved in 2 pL of acetone were
added 1o 100 ml, water samples in 250-ml. flasks capped with
silicone stoppers. After incubation for various time intcrvals
at the in situ temperature (12 °C)in the dark, the respired
1400, released after the ddition of acid was collected on
filters soaked with phencioylamine and counted. A more de-
tailed description of the method is given by Hodson et al. {(4).
To determine if nny chemical degradation ta CO, occurred,
5 mg of mercuric chloride was added Lo sume sanples. Four
samples were run for each time interval. 'The radivactive hy-
drocarbons used with 2 methylnaphthalene-8-14C (7.98
mCi/mM—California Bionuclear Corp.), 4C-1.naphthalene
{3.67 mCi/mM Amersham), anthracene-9,10-14C (33 mCi/
mM- -California Binnuelear Corp.), 14C-12-benz{a)anthracene
(48 mCifinM- -Amersham), benzo(a)pyrene-3,6-14C {21
mCi/mM—Amersham).

For adsorption studics the radiolabeled hydrocarbons were
added to 100-mL water samples. Concentrations of naph-
thalenes, anthracene, benz(ajanthracene, and benzo(ajpyrene
were 25, 25, 10, and 3 ug/L,, respectively. After incubation for
3 h at the in situ temperature, the water was filtered onto a
0.4-u Mlter (Nucleopore Co.). The particles were washed off
with a stream of filtered seawater and then filtered again, The
second filtration was necessary because hydrocarbons sot
pssociated with particles collected on the first filter. Hydro-
carbons not associated with particles were not removed by the
washing procedure, Most detrital particles and phytoplankton
cells washed off the first filter, hut up to 20% of the free bae
terial cells could nol be removed.
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Ci/mM—Amersham) was added to water samples. A two-step
filtration was carried out as described above, and filters from

the second filtration were stained with a general bacterio-

lugical stain (3% Erythrosin B in 5% phenal solution}. After
several washes, slides were dipped in Kodak NTB-2 emulsion
as described by Paer] and Goldman (5). After exposure and
development, filters were examined with phase optics at
1200% to determine which particles contained radioactivi-
ty. -
Analysis. Waler samples were extracted with hexane (J.
T, Baker—spectral grade), and an ultraviolet spectrophoto-
meLric method (6) was used to quantitate naphthalene,
methylnaphthalenes, and dimethylnaphthalenes. Earlier
experiments in these enclosures showed thet determination
of naphthalenes by gas-liquid chromatography agreed with
results nbtained by the ultraviolet methed {3). The sensitivity
of the ultraviolet method was 0.5 xg/L for each of the vatious
naphthalenes. To determine polycyelic aromatie hydrocar-
bors, othar _an nanb halenes, hexane extracts were con-
centraied to dryness under nit;oge'n and, dissolved in 10 gL
of methanol. Anthracene, fluoranthene, benz(a)anthracene,
and benzo{a)pyrene were measured by passing 5 uL of the
meshanol solution through an assembled liquid chromato-
graph equipped with a fluorometric detector (Fluoromoni-
tor-—American Instrument Co.). The sensitivity of the methed
was 0.01 pg/L for anthracene, fluoranthene, and benzo{a)-
pyrene and 0.02 ug/L for benz(adanthrane. A standard curve
was prepared for each compound. The chromatograph was
equipped with a LiChrosorb RP-2 {Merzk) column (25 em
long and 2.0 mm i.d.). The sample was eluted with three sol-
vent mixtures added sequentially (solvent 1 -methanol:water,
1:1: solvent 2- -mettanol:water, 2.3, solvent 3. methanol:
water, 3:2). ’

The cancentration of total hydrocarbons in the water 1 day
after the addition of oil was cbtained using an infrared ab-
sorption procedure (8), One-liter samples were acidified with
1 mL of sulfuric acid (50%) and extracted with 20 mL of car-
bon tetrachloride (Burdick and Jackson, analytical grade).
Absorbance at 2030 cm~! was compared to a calibration curve
constructed for solutions of the Prudhoe crude oil in carbon
tetrachloride.

The procedure used ta analyze volatile aromatic hydro-
carbons in seawater using helium partitioning gas chroma-
tography has heen described (8). Data obtained from the gas
chromatograms were treated according to the method of

* McAuliffe (10} to calculate aromatic concentrations.

Animal tissties were homogenized in a blender for 2 min.
Sediment samples were mixed with an equal volume of water.
One milliliter of tissue o sediment slurry was saponified with
0.5 mL of 4 N NaOH by heating at 95 °C for 2 h. The sample
was mixed with 5 ml of hexane. The hexane extracts were
analyzed by either the ultraviolet spectrophotometrie method
(for naphthalenes) or liquid chromatography (anthracene,
fluoranthene, benz{a)anthracene, and benza(a)pyrene). Be-
tween 90 and 95% of the selected aromatics was recovered
when sediment and animal tissues were spiked with these
compounds.

For the radiclabeled benzo(a) pyrene experiment, water was
collected from the following depth intervals: 0-5, 5-10, and
18-13 m. Four liters of water were passed through a glass fiber
filter. The filter was added to a liguid scintillation cocktail
(Agquasol--New England Nuclear) and counted (Beckman
Model LS 100C liguid scintillation counter}. The values ob-

tained were assumed to be total counts in the water. Separate

extractions of the water with benzene indicated that glass fiber
fillers removed 70-00% of the radicactivity in the water.
Benzene extracted benzo(a)pyrene, hydroxy derivatives, and
quinanes when these were added to water samples, In addition

For radivautographic studies (G, H) behzo(a)pyrcne {25
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Figure 2, Poiycyclic argmatle hydrocarbons from 7-m water

to determining total radinactivity, filters were also extracted
with methanol:benzene (1:2 v/v). This extract was concen-
trated to a small volume under nitrogen in the dark, added to
a silica gef thin-layer plate (Merck Ca.), and runin a solvent
system (ethanol:benzene, 1:9 v/v) to separate degradation
products from the henzola)pyrrne. Renzola)pyrene and 3-
hydroxyhenzo{a)pyrene and benzoladpyrene-1,6-dione were
used s standards. The hydroxy henzopyrene and guinone
were provided by A. R, Patel through the National Cancer
Institute Carcinogenesis Research Program.
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Figure 3. Benz(ajanthracens and benzofa)pyrene from 3- and 7-m
watefl
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Results

The addition of a dispersion of 100 g of Prudhoe crude oil
to the top 10 m of the water column resulted in small oil slicks
on the surface which gradually disappeared over 10 days. After
1 day the nonvolatile hydrocarbon concentration at 7 m by the
infrared method was 280 pg/l.. The concentrations of volatile
aromatic hydrocarhons, namely, benzene, toluene, ethyl-
henzrne, xvlene, and trimethyben: enes, were 1700, 1500, 300,
540, and 1500 pg/l,, respectively. No other measurements were
made of total nonvaolatile or volatile hydrocarbon concentra-
tions. In similar experiments with fuel oil, volatile hydrocar-
bons were not detected after 3 days (11).

The concentrations of naphthalene, methylnaphthalenes,
dimethylnaphthalenes, anthracene, fluoranthene, benz(a)-
anthracene, and benzo{a)pyrene on day 1 were 11,19, 16, 18,
6.2,3.1, and 1.1 pg/L, respectively. The concentration of each
hydrocarbon decreased at an exponential rate during the
following 17 days of the expeciment (Figures 1-4, Table i).
Naphthalenes increased slightly in surface walers on day 6
(Figure 1), which may be due to more of these components
dissolving in the water from the surface slick. A liquid chro-
matogram of a day 3 water sample from 7 m is shown in Figure
5 where the concentrations of anthracene, fluoranthene,
henz(a)anthracene, and benzo{a)pyrene were 7.3, 4.9, 3.9, and
1.5 pgfl., respectively. Use of the high-pressure liquid chro-
matograph with a fluorescence detector allowed separation
and detection of these polyeycell- aromatic hydrocarbons in
water, sediment, zooplankton, and oysters during the course
of the experiment. The time for the hydrocarbons to decrease
to 30%of their original values, i.e., half-life, was 3-4 days in
water from 3 m and 4 -6 days in water from 7 m. By day 17 all
of the spiked hydrorarbons were below the level of detection
in water from 3m. .

A phytoplanktun bYloom, predominantly centric diatom
species, with an initial chlorophyll-a concentration of 19
ug-atoms/1., nnd a phytoplankion carben concentration of 3
mg/l. was captured in the enclosure. This bloom rapidly de-
pleted nuirients, and the phytoplankton sank to the bottom
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Table 1. Addition of *H-Benza(a)pyrene to an
Enclosure—Concentration Changes of Hydrocarbon
and Degradatlon Products

Teiad
banzo{a)pyrens
and Hycroxylaled
degradation derivatives and
Sample depth products Benzolalpyrens Guincnes
{m) {xa/l) {roii) Lig/L)
0-5 14 1.2 0.08
5-10 1.3 11 0.05
10-13 6.1 0.1 +]
0-5 1.1 0.7 0.01
5-10 0.8 2.6 0.01
10-13 0.2 0.2 1]
0-5 0.9 0.5 0.1
© 5-10 0.9 0.8 0.1
10-13 0.4 0.2 0.02
9-5 09 0.3 0.2
5-10 0.7 0.5 0.1
10-13 0.6 0.4 0.01
0-5 0.4 0.2 0.1
5-10 03 0.2 0.1
10-13 0.3 e2 0.02
0-5 0.2 0 0.07
5-10 0.6 04 0.05
10-13 0.4 - 03 0.04
10 0-5 0.1 0
10 5-10 0.2 0.1
10 10-13 0.2 ‘0.2

OOD OO daded O W AR - e

of the enclosures, which resulted in a large decrease in chlo-
rophyll-a in the water of both contrel and treated enclosures.
Similar cycles of centric diatom bluoms, depletion of nutricnts,
and subsequent sinking of the phytoplankton ate a nurmal
summer feature of Saanich Inlet (712). Hydrocarbons associ-
ated with the phytoplankton are carried w0 the ottom sedi-
ments by this sinking process. Analysis of fluoranthene in
water from 3, 7, and 12 m showed the path of flucranthene
through the water column, On day 1 Muoranthene was 6.2 /L
at 3 m but decreased to 2.8 up/L by day 3 with subseyuent
increase in the water from 7 and 12 and eventual invofpo-
ration into the sediment (Figure 4 and Table I1).




O~

Anthracene

(arbrtrary umts)

Benz{a)anthracene

Relatwe Fluorescence

Retention time (minutes)
Figure 5. Liquid chromatogram of 7-m water on day 3

Photachemical Oxidation, The importance of photo-

chemical axidation can anly be inferred from our results. The
" higher weight polycyclic arumatic hydrocarbons, in particular
henzeladpyrene £nd benzlalanthracene, are susceptible to
photaoxidation (13). 'The short wavelengths required for
photoozidation of these compounds penctrate anly a few
meters in the ocean, and should be even more attenuated in
the presence of a phytoplankton bloom, The experiment with
tritiated benzolatpyrene suggests that photouxidation of this
compound was impartant in the top 5 m iTable 1) On day 4,
30% of the radiogctivity collected in the upper 5 m of the en-
closure was due to benzolalpyrene. On thin layer plates the
remaining radioactivity was collected in the area of quinones
and more polar compounds, Berzolalpyrene aceounted for
the majority of the radivactivity in bottom waters and sedi-
ments. Approximately 40% of the benzola)pyrene in the wa-
ters of the oil-treated enclosures was recovered in the sedi-
ment, suggesting that no more than 50% of the henzolalpyrene
could have been photuoxidized (Table 111).

Table Il, Aromatic Hydrocarbons in 8

Naphthalens

Amt b
sedimem
(mg)

28

Conen
14 1]

7
22
5
10
3
<0.5

Ceoncn
(n9/Q)
2 70
4 15 9
7 5 3
10 7 8
14 2
17 ]

Time after oft
nddilion (Jays)

2
<0.5

<

. Anihiscans
Ami In
sedimant

{rng)

Concn
tug/a)

‘Conen
{uasg)
<0.2 <0.1 <0.2
1.8 11 24
. } 44

28

6.2

10.0

oflom Sediments from Qll-Tréated Enclosure
_Meinyinaphihalenss

sedimant

Flucranihone

& - gonirel enciosure
a - ol-recled enciosute

AMOUNT DEGRADED (pgs liter}

— T

24 48
TIME [hows)

Flgure 8. Microbial degradation of 14C. 1-methylnaphthalena {25 ug/}
in oll-treated and control enclosuros

_—
T2

‘Microbial Degradation. The rate of microbial degradation
was evaluated by the addition of '*C-labeled hydrocarbons
to water samples fro.n the enclosures and later measurement
of 1COy produced.” Radiolabeled benzfalanthracene and
benzolalpyrene were not degraded in water in the dark from
either the treated or control enclosures, Anthracene was not
degraded in the conteol water but <lowly degraded (0.02 pg/
Lfday) in water from the treated enclosure. No degradation
was observed in mercury treated controls. As o resalt of adding
oil to an enclosure, radivlabeled naphthalene and methylna-
phthatene were degraded on day 3 at a rate of approsinately
0.4 ug/l./day tFigure & only the dvgrmluli(fn ol methylna-
phthalene is shown, but very similar curves were obtained for
naphthalenel. If the amavnt of unlabaled methy Inaphthalene
in the water (12 g/} is taken into account, the calonlated
degradation rate is 0.5 up/L/day. Assuming a unifurm rate
thruughout the enclosure, then 30 mg of methyinaphthalene
would be degraded 1o COLin one day, Onday 3 there wasap-
proximately 600 mg of methslnaphthalene in the water of the
uil-treated enclosure. Thus up te 5% of the naphthalenes in
the water could be degraded daily. Water in the conteal en.
clusure shuwed an initial Lag in the degradation of naphthalene

Oimethyinaphihalenes

Aml n
tedimant
{mg}
68
40 .

Amit i
Concn
{ug/}
28 169
13 13
3 22 12°
9 30 26
3 8 7
<1 <05 <1

img)

Banzla)anthracens flenzo{a)pyrons
R Y. Ny T Remt
sadiment

vmg)

<0.1
05

Aml
sediment
{mg)
<0.1

1.4
2.4

Conen

{ngi9)

<02
08
2.1
13
49
60

sediment
{ma)

<02
13
3.0
33
e
336

Conca
{ug/gl

<0.4
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Table lIi. Total Amount of Aromatic ’vdrocarbons In 7
Boltom Sedimenis and Water ’

Estunated amiin  Tolalin % Pt
walat on day 1 sedimert <o yaedin

Hydroc srion (ma) (mg) 1 Simen
Naphthaleno 440 43 1.
Methylnaphthalenas 780 56 7
Dimethyinaphtha- 480 152 32

enes
Anthraceng 600 25 4
Fluoranthens 278 27 10
Benz{a)anthracens 132 52 9
Benzofalpyrene 44 17 39

and methylnaphthalene, but after incubation with the labeled
hydrocarbons for 72 h the amount degraded was nearly the
same as in the uil treated enclosure (Figure 6). ,

Sedimentation and Adsorption Studies. Determination
of the concentration and amount of the hydrocarbons in the
bottom seditrents st various times after addition of il allowed
us to evaluate theimportance of sedimentation provesses in
removing hydrocarhons from the water. Most of the naph-
thalenes, with a preduviminance of dimcthyinaphthalenes,
appeared in early sediment simples, Le., during the first 7
days, whereas the less suluble higher weight arvmatics ap-
peared in later samples. A comparison between the amount
of hydrocarbon in the water column en day | {estimated by
assuming all of the hydrocarbon was in the top ten meters) and
the total collected in the sediment is showr in Table I The
percent recavered in the sediment varied from 4% for a.-
thracenp to 39 for lencofalpyrene.

The hydrocarbons in the botlom sediinents were presum-
ably carricd there by particles originally in the water coluran.
Pacticles that could take up hydroearbon includea phyto-
plankton, detritus, and zooplankton. Zouplankton were
sampled on days 4 and 7. On day 4 the concentrations of an-
thracene, Puoranthene, henzolnlpyrene, and henz(a)an-
thracene in a eoplankton sample, predominantly the capepod
Poctdoculanis minutus, were 3.3, 1.4, 0.3, and 1.2 pg/g, re-
spectively. These concentrations were less than those in the
bottum sediment after day 4 (T'able 11), After 9 days the
conventration of these compuunds in zooplankton was below
detectable levels, i.e., Yess than 0.1 ggfg The ability of cope-
pods and other zooplankton to degrade und discharge hy-
drocarbons may account for this decrease (14-16).

On day 5 a water sumple from 12 m was analyzed hefore and

et giass Tiber Alter Lessthan L of the
Beriora 104 - ere aned b Lapavrene and S of the an-
theavene atd Tanractiane pased theoagh the Liter. Fur
Indworate ro b gpro o -tadion, radi Jadwied hailro arbiens were
added 1oanter - lesodlected fron the vontrolen lisure,
Aftera b shaten peosd, 2% of the radiclibeled uuph-
thalenst and otk bt halene at @ conn enteaton of 25 ugg /T
were taben up by ~uspended particles. The relative alwerp-
tiops oF b rne 119w 1o e nziatanthracene 3y Ta, and
hensot e pyrene (2 up Lot to saspended particies were 11, 59,
snd 1%, respin tiveiy. Radiosutographs with trittated ben-
2ov iy et acdded to water samples indicated that this hy-
droca i was asseciated with detrtal partis fes cather than
with liveee phvtoplankton eclis. Under the microscope these
Lrrited paticles appuared to be aggregates uf dead phyto-
o inkton cefls wnd hacteria,

Hydrocarbon Uptake by Oysters. Oysters suspended in
the vil treated enclowre rapidly touk up all hydrucarbons with
very tigh accumulatice of naphthalenes (Table V). For de-
puration experiments, o sters were transferreq to water
outside the enclusure. Naphthalenes were rapidly relensed and
were nut detectable after 23 days. There was a much slower
release of acctmulated anthracese, fMluoranthene, henz(a)-
anthracene, and benzofalpyrene, Trey were still present at
the end of the 23 days Based on thess depuralion experi-
ments, caleulated hall lives of the naph halenes, asstiming
expoenential divcharge, were 2 days; whereas for anthracene,
fluoranthene, benzlalanthracene, and henzefalpyrene, the
half lives were 3, 5, 9, and 18 days, respectively. Thus the
higher weight aromatics appear to persist for lunger periods
than the luwer weight naphthalenes. Other depuration studies
with mussels collecled from oil cuntaminated walets have
indicated the persistence of higher weight aromati-s {17,
18).

Discussion

We propose that the primary processes effecting the cot.-
centration of the hydrocarbons in the waters of the enclosures
were gvaparation, microbial degradation, sedimentation, and
photochemical oxidation. Based on the data piesented here
and from other reported studies, we have attempted to eval-
uate the relative importance of these processes as they effect
the concentration of the different aromatics.

Most studies on evapotation have been concerned with
hydrocarbon losses from an oil slick. Hydrocarbons below Cyg
(BP—270 °C) volatilize in a few du:s from an oil slick (19-21).
In our expetiments loss of naphthalenes from the upper wa-
ters, particulariy naphthalene (BP -210 °C) wou'd he pre-

Table 'V. Uplake and Depuration of Aromatic Hydrocarbens by Oysters from Oli-Treated Enclosure

Dimathyinaphthalenss

DGapuralion Naphlhalena Methylnaphihalanes 1
Time of exposute lime EfsT-ea ) aler Tysler —aen “\;T-Fr' Oyster Water
{days) {days) {no/o} (ug/L) {10/Q) {pg/L) tugly) {ugit)
2 30 5 56 B B4 10
8 i2 3 36 3 72 2
2 7 1 o 1 . 8 et
8 7 2 e 2 e 4 .
8 23 nd® Ve nd e nd
Anthracene Fluoranthens Banz(a)snihtscena cho(n_)g!:in_-___
Oystor Walw . Oyslee Waler Qyslar Walsr Oysiwr Waler
tuo/a) {ugit) tug/a} {wgfL) (ug/a) {ug/L) {aglg) {ug/L)
¥4 5.8 13 5.0 7.2 2.8 53 0.36 1.8 .
8 - 2.5 1 40 0.4 18 a1 0.30 0.1
2 7 1.2 s 1.7 Ve 1.8 0.40
8 7 0.4 1.4 . 1.0 N 0.20
8 23 0.1 0.4 . 0.3 o 0.12
# nd. not detectable, less than 0.5 pg/g.
836 FEnvironmental Science & Technology




Jicted. Hybrowarbeo e inthe Cys O range (BP 250 400 °0),
antheacene and Muerethe e moor expetiments, are vola-
thred fromanad ok ends tea lmited extent.

Microhial degradation was meg~urable vnly for naphtha-
Yens and anthtacene oz the onl treated e boare Water feom
the contral endesure required inonbation with 4 naph
thalenes for 48 b before apprecable degradation cecurred,
whereas in water fram the uil treated endosure, mea-urable
rregradation of 40 naphthalenes taok place within 4 h after
addition. An carlier hvdrocarbon experiment showed inarked
increases in miucrobial degradation rutes of naphthalenes 3
days after hydrocarton additien (7) Several studies have
shown higher numbers of vil degradig microbes in oif pol.
luted areas relative to nearby *elean” areas (22, 23).

Photochemical oxidation, wvoelving free radical addition
catalyzed by light or metal ions, appears to be an important
process in the destruction of oil slicks (21}, Based on labora-
tory studies it appears that anthracene, fluoranthene,
benz(a)anthracene, and benzolalpyrene of the aromatics
studied in our experiments are subject to photochemical ox-
idation in slicks ur ncar surface waters {73, 24, 25} Benzola)-
pyrene is the most susceptible of these compounds to photo-
oxidation, and the results of the experiment involving addition
of tritiated henzola)pyrene to an enclasure suggested that
phutachemical oxidation was important in the surface waters.
Approximately 40% of the benzolalpyrene in the water was
tecovered in the huttom sediments. Since microhial degra-
dation and evapuration were not important, it is suggested
that as much as 3% of the benzala)pyrene was photooxidized
during the 17 days of the experiment. It is probable that there
were losses to the side of the plastic enclosure and incomplete
recovery of hydracsrbon in the sediment so that photoox-
idation was less than 500%.

Sedimentation is important in carrving hydrocarbons from
hath oil slicks and from the water to the bottom (21). Particles
such as fine grained clays and detritus can adsorl dissolved,
dispersed, or particulute hydrocarbons (26 28). Experimental
oil spills have show. rapid hydrocarbon decreases in the water
after disappearance of the i 1) shek withi increases of the aro-
matics in the sediments (29, 30).

In our experiments, naphthelenes, particularly dimethyl-
r.aphthalenes, were found in the bottom sediments during the
first 7 days, whereas the heavier weight aromatics were sluwer
to sediment This suggests that the mechanisms for carrying
naphthalenes Lo the hottum were diffe rent than thase of the
other aromatics. Solo et al. {31) showed active uptake of
naphthalene by phytoplankion. We suggest that naphtha-
lenes, but not the larger aromatic hydrocarbons, were actively
taken up by living phytoplankton cells which suhsequently
sank to the boitom. Radivautographs with tritiated ben-
zola)pyrene indicated that this hydrocarbon, and presumably
nther highor weight aromalics, were associated with detritus,
romposed of clumps of dead phytoplankton cells and associ-
ated bacteria. These particles probably sank at a slover jate
than living phytuplankton cells, Figure 3 <hows a large in-
crease in naphthalenes in 7 m water on days 3 and 4, which
was not observed with the other aromatics. Presumably this
increase was due to naphthalenes in surface water phyto-
plankton Leing carried to deeper waters. The luwer concen-
tration of naphthalenes in later sediment samples (nfter 7
days} could he duetoinereases in the microbial degradation
rates of these compaotnds in sediment or bottom walers, Since
it appears that phytoplankton lake up but cannot metabalize
naphthalenes (1), antolysis of the phytuplankton cells may
release naphthalenes that are degraded.

It is diffieult to explain the loss of arthracene fram the
enclosure. The rate of decrease in the water was very rapid
{Figures 1 and 2) with only small increases -een in the - and
12 m water samples between days 2 and 4. Other aromatics

imcreased on these daye n~ particles with ascociated hydre
varbons aere carned twothe bottom Onby 0y the ipthracene
in the water was recovered i the bottam cediecnts The
crobial degrilation rate was very kw for anthracene With
a hoiling peantof T °C svaparation was not expes ted to be
Irmportant. althongh laborators studies have shewn up b 15%
Yems of inthracene from solutiun 4521 Posstbly, photic hemaeal
exadation was extremnels rapid for this compound.

Condlusions

Changes in the concentratior of various fluorescent aro-
matics in water, sediment, zooplankton, and ovsters from an
oil treated enclosure were easidy determined by using crude
oil enriched with the compounds of interest and a liguid
chromatograph with a fuerescence detector. The sensitivity
of the methed allowed detection of 0.01 w1 of the individual
hye roearhans.

Our results indicated that aromatic hydrocarhons have
short residen-e times, i.e., an the order of a fow days, in marine
waters, Fur tower malecular weight aromaties, <uch as ben-
renes, nap athalepes, anthracenes, and phenanthrenes, mi.
crabial do radation and evaporation are the primary removal
processes The concentrations of higher weight aromatics, such
as chrysenes, benzanthracenes, and benzpyrenes, are primarily
effecled by sedimentation and photochemical wxidation.
Because uf their low sotubnlity in water, the higher weight
aromatics are associnted with particles in the water. After
sedimentation of higher weight aromatics, biologieal degra-
dation by interactions hetween macrofauna, meiofauna, and
microfauna of the sediment becomes an important factor in
their removal (23, 331, In studies now being conducted we are
adding bottom material coliected from an oil-treated snelosure
ta trays of marine sediments to determine rates of hydrocar-
ben cegradation in the sediment, When uil from a spill is in-
curpurated into fine sediments, it may persist for many years
with storms and tides sometimes causing resuspension of these
sediments with their assaciated bydrocarbuns (34).

In open weean areas with i concentrativns of suspended
particles, rates of hy drocarbon sedimentation would be low,
but because of the clear waters, photochemical degradation
rates should be high. In the case of an oil spill, hydroearhons
should continue to be found in the water as lung as a slick
persists followed by rapid docreases in their concentration as

“a result of the various natural removal processes.
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pid Weathering Processes of Fuel Oil in Natural Waters:
ses and Interpretations

Fritz Ziirch and Markus Thier?

Institute for Wate
CH-8600 Dubendort,

& The fate-determining stepSw{ weathering petroleum in the
aguatic environment were studtd in model expetiments.
Capillary column gas chrumategraphiwnd inlrarvd ahsorption
measurements showed different weatheWgy processes for No.
2 fuel oil, 1epending on the turhulence atdthe level of sus-
pended solic's (knolinite) in water during expeNgents. Partial
dissolution, adsurption, dispersion, and agglomeMyjon of Na.
2 fuel oil initially ovetirred and resulted in the frac¥gnation
of the original oil mixture, Alkylated benzenes and naYagha-
lenes were enriched in the water phase (up to 5 ing/1.), cert™

aliphatic hydrocsibuns above mol wt 250 were adsorbed ontgh

kaolinite {200 mg/kg), and oil droplets were agglamerated

suspended minerals {20 g/kg) after increased turbulenggfThe
same fractionation pattern was observed for a groystl water
oil spill, although the oil was already biochemicpdly altered.

One would like Lo be able to charactegdl the processes that
influence the fate of il in the aquatig#vironment. A number
ol authars (1) have described varjpfls physical and biological
processes that contribute to thgMistribution apd degradation
of petroleum prichucts in thefuatic environment. Difficilties
have arisen in determigfy the relative magnitude of the
various processes. Relble informatian on the distribution
of 0il components Waquatic environments is important be-
cause the more pfter soluble aromatie hydrocacbuns, even in
mirute concpflraticns, may have toxic effects on aguatic or-
ganisms ‘

re-ent wldrese, CIBA GEIGY AG, Favirenmental Tedinology
vpt, CH o0 Based, Switzerland.
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esourcas and Water Pollution Control, Swiss Federal Institute of Technology.

This work presents an gfflysis of the initial short-term
processes affecting the djfribution of fuel cil in surfage water
containing a suspen clay mineral. Processes studied in-
dude dissolution, sefpension, agglomeration, and adsorption.
Evaporation wghot studied, since surface il spills generally
contribute 1€ to oil pollutior. than continuous inputs from
diffuse sgufees (J).

Mogef experiments were dune with No. 2 fuel uil and water
congfining suspended particulates. Then a comparison was
e of these model experiments and an actual case involving
polluted ground water.

Cxperimental

{ode! Experiments, A 250-mlL erlenmeyer Mask was filled
with Wgtilled water containing sodium chloride {10~ i) and
sodium Mearbonate to stabilize the pH at 7.5, To withdraw
samples, 2 Bgtube wns plared 1n the Nask, with one end near
the bottom an¥ghe other end outside. Ten miltiliters of No.
92 fuel oil were cat®ully placed on top of the water body with
a pipet, avoiding sitygle oil droplets — Tasks were then
stirred with a magnetic M{grer at a conw o)
Different flow conditions®yere achicy he
length of the magnetic stirrer gm for luw .. n
for high intensity (vil/wider inteMgee disrupte ns
per liter of kaolinite (0.2 2 am? withagrelativels | speaitic
aurface (10 m2/g) were used as the paMegulate materal, Fx.
periments were performed for a period M24 h at 20 °C as
follows: 1 eil/water without suspendid .oMg, Jow =tirring
intensity; 1T cil/water with stispenderd ~otids, 1ot rringin
tensity; LT oil/water with suspended solids, high -Wgring in-
tensity; IV pasoline/water without susperaled b low
stirring intrasity.

0013 SouA/78/0915 DEAAS01 20 ¢ B 1078 Amencan Chemmat Sociely
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CONCLUSIONS :

Metabolism - Effects of Microbes on Pesticides

1. This portion of the study is scientifically valid.

2. [1-!%CINaphthalene was degraded in seawater by unidentified microorganisms
at 0.4 ng/liter/day during a 3-day test period.

Accumulation - Fish

1. This portion of the study is scientifically valid.

2. Naphthalene accumulates -in the oyster Crassostrea virginica and is rapidly
depurated. An accumulation factor of 6,000 was. observed on the second day of
exposure to an initial naphthalene concentration of ~18 ppb in a spiked oil-
treated model ecosystem. The maximum accumulation factar cannot be deter~ined
from the data. Depuration from oysters containing 12-3C ppm was rapid,
with only 1-2 ppm remaining after 1 week. '




STUDY 66

MATERIALS ANd METHODS:

NAPHTHALENE, ALBOCARBON, CAMPHOR TAR,
DEZODORATOR, MOTH BALLS, MOTH FLAKES,
NAPHTHALIN, NAPHTHALINE, NAPHTHENE,
TAR CAMPHOR, WHITE TAR

Naphthalene

One gram of naphthalene (Aldrich Chemical Co.; purity unspecified)
and varying amounts of six other aromatic hydrocarbons were added to
a mixture of 100 g of Prudhoe crude oil (containing an estimated 80
mg of naphthalene), 1 liter of acetone, 0.5 liters of ethanol, and 40
liters of seawater. The mixture was stirred, and the dispersion was
pumped into a polyethylene-enclosed cylinder (2-m diameter and 15 m
deep) containing 60,000 liters of seawater. One liter of acetone

and 0.5 liters of ethanol were added to a contral enclosure. A cage
of oysters (Crassostrea virqinica) was suspended at 7 m in the oil-
treated enclosure. The enclosures were kept at 12 C.

At various time intervals, water samples wers collected from three
depths by using either a peristaltic pump or a Niskin sampler.
Samples were extracted with hexane, and a UV spectrophotometric
method was used to quantitate naphthalene. The level of sensitivity
was 0.5 ug/liter, as verified by gas-liquid chromatography, and
recovery levels were identical for each sampling method.

Oyster samples were obtained after 2 and 8 days of exposure and after

7 and 23 days of depuration (cage transferred to fresh seawater).

The samples were homogenized in a blender for 2 minutes. Samples of
bottom sediment were collected by pumping the sediment through pipes
connected to the bottom of the enclosu~e. One milliliter of tissue or
sediment was saponified with 0.5 ml of 4 N NaOH by heating at 95 C for 2
hours. The sample was mixed with 5 m] of hexane, and the hexane
extracts were analyzed by UV spectrophotometry. Naphthalene recovery
levels were 90-95%,

Radiotabeled hydrocarbons, including [1-1%Clnaphthalene (Amersham),
were separately dissolved in 2 ul of acetone and added to 100-m)
water samplies collected at an unspecified time from 3- and 7-m
depths. The final naphthalene concentration was 25 ug/liter. The
flasks were sealed and incubated at 12 C in the dark for various time
intervals, and the respired !%C0, released after the addition of acid
(unspecified method) was collected on filters soaked with phenethy1-,
amine and counted by 1liquid scintillation counting (LSC). Control
flasks were sterilized with-5 mg HgC1,.
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y - -3~ .
i
. 1
- _
é%ﬁ . ' Radiolabeled naphthalene at 25 pg/liter was also added to lbO-ml : .
. ' water samples and incubated at 12 C for 3 hours to allow for B -
. adsorption  to suspended particles. The water was filtered onto a 0.4- -
g - um filter, washed with filtered seawuier, and filtered again. Most .
v detrital particles and phytoplankton were washed off, but up to 20%
] of the bacteria were not removed. Filters were counted by LSC.
AN REPORTED RESULTS: _
’{; - The concentration of naphthalene on day 1 was 11 ug/liter. It - . - .
SR decreased exponentially during the 17-day experiment. The half-1ife . :
. was 3-4 days in water from 3 and 4-6 days in water from 7 m. By day . B
L 17 naphthalene levels were below the limit of detection in water from N .
y - 3 m. Naphthalene was present in bottom sediment samples at 70 1g/g on
RIR: day 2 and at <0.5 pg/g on day 17.
- B Naphthalene was accumulated by oysters; 30 and 12 nug/g had accumulated '
o - on days 2 and 8, respectively. Naphthalene was rapidly depurated by
) oysters (Table 1), 2
;0 o [1*CINaphthalene was degraded by microorganisms at a rate of 0.4 g/ E
JEN liter/day during the first 3 days of incubation of the 100-ml N .
A samples. After 3 hours, 2% of the radiolabeled naphthalene was -~ )
e adsorbed by suspended particles. - :
DISCUSSION: '
- l. 'Neither the maximum concentration of naphthalene accumulated by the .
i . oysters nor the depuration half-1ife .an be determined from the data
- presented.
e 2. Zooplankton samples were also removed for analysis, but dat. re not
C reported for naphthalene. ‘
‘1' 3.  Specific data for microbial metabolism were not givon. _ :
. 4. The initial concentration of naphthalene was not determined. The !
amount of naphthalene in Prudhoe o0il has never been determined. .
Kuwait 0il is known to contain ~80 mg naphthalene/100 g oil. As T
Kuwait and Prudhoe oils are similar, it was assumed that 100 g of c.
Prudhoe oil also contains ~80 mg naphthalene. In this study, the 100 ¢
- . - of Prudhoe oil1 added to the enclosure was first supplemented with 1 g
B naphthalene., Therefore the initial naohthalene concentration can he
| _ estimated as 1,080 mg/60,000 liters, or ~18 ppb, ‘
-.‘ - '
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